Nature uses hierarchical fibrillar structures to mediate temporary adhesion to arbitrary substrates. Such structures provide high compliance such that the flat fibril tips can be better positioned with respect to asperities of a wavy rough substrate. We investigated the buckling and adhesion of hierarchically structured adhesives in contact with flat smooth, flat rough and wavy rough substrates. A macroscopic model for the structural adhesive was fabricated by molding polydimethylsiloxane into pillars of diameter in the range 0.3 mm to 4.8 mm, with up to three different hierarchy levels. Both flat-ended and mushroom-shaped hierarchical samples buckled at preloads one quarter that of the single level structures.
Introduction
Animals such as various species of insects, spiders and lizards, can adhere to different kinds of substrates [1] [2] [3] [4] [5] [6] . They have developed hairy attachment systems which enable them to stick to a wide range of substrate roughness. The gecko, for this purpose, possesses a hairy dry adhesion system with at least three levels of hierarchy [7] [8] [9] [10] : the toe pad substrate consists of lamellae covered with setae, which branch into even finer spatulae. It has been suggested that geckos have adapted to generate much higher adhesive forces than is strictly necessary for flat smooth substrates: this redundancy in adhesion allows them to adhere to rough substrates [11] [12] [13] [14] .
Adhesion of patterned structures to rough substrates has received comparatively little attention in the literature to date. Several research groups have developed artificial gecko-inspired adhesion substrates [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] or even hierarchical structures [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , but only few studies exist on bioinspired adhesion structures on rough substrates [35] [36] [37] [38] ; some papers address adhesion of an artificial hierarchical system to rough substrates [39] [40] [41] [42] [43] [44] [45] and experiments with living geckos on engineered rough substrates has been made [46] . Furthermore simulation of artificial gecko array on rough surfaces has been conducted [47] .
Several theoretical studies suggest that the introduction of structural hierarchy increases adhesion to rough substrates [48] [49] [50] , but experimental evidence is lacking.
The aim of the present study is to explore the role of structural hierarchy on adhesion to a micro-and macrorough substrate. We report experiments on hierarchically structured model adhesives, with millimeter-size "macroscopic" pillars on flat and wavy substrates. A macroscopic model allows the contact and deformation phenomena of the system to be observed [51] [52] , thereby giving detailed insight into the interaction mechanisms. The results suggest that a hierarchical structuring of dry adhesives does not necessarily result in increased adhesion. Rather, a new design path for artificial fibrillar adhesives on rough substrates can be derived.
replication precision and handling. At the low testing velocities, PDMS is believed to have low viscoelasticity at room temperature; it is recognized that the presence of viscoelasticity strongly influences adhesion and would thereby complicate the interpretations of our experiments [53] [54] .
Preparation of hierarchical macroscopic pillars
Hierarchical structures were made from self-similar cylindrical pillars, as shown in figure 1. At each level of hierarchy, a set of 7 pillars was arranged in a hexagonal pattern with a central pillar, see figure 1(c).
Each set was bonded to the top of a larger pillar at the next hierarchy level. This pattern was repeated on moving up the scale of dimension, such that there are 3 levels of hierarchy, with a linear scale factor of ca. 4 on moving from one size to the next. The smallest pillars, "size 1", are of diameter D = 0.3 mm, the intermediate pillars, "size 2", are of diameter 1.3 mm and the largest pillars, "size 3", are of diameter 4.8 mm. The center-to-center spacing S of each pillar equals twice the pillar diameter. H is the height of the pillars, L the length of the backing layer, and B is the thickness of the backing layer. Table 1 summarizes the dimensions of the pillars in terms of the parameters, as defined in figure 1 , and presents the magnitude of the second moment of area I and Young"s Moduli E, which were measured by beam deflection of each pillar under a transverse load. Samples were prepared with one hierarchy level (HL1), consisting of only size 1 pillars, two hierarchy levels (HL2) with size 1 and size 2 pillars, and three hierarchy levels (HL3) with size 1, size 2 and size 3 pillars. Figure 1 shows a HL3 sample as schematic ( figure 1(a) ) and as photograph ( figure 1(b) ). Samples were cast in PDMS using aluminum alloy molds, as reported previously [51, 55] . The PDMS material was prepared by mixing the pre-polymer and cross-linker in a 10:1 ratio. To remove air bubbles, the mixture was degassed in a desiccator. After pouring into the casting molds, the PDMS was fully cured in an oven for more than 12 hours at 75°C. Subsequently, the PDMS pillar structure was peeled from the mold and excess material was removed with a scalpel. The pillars of different size were bonded by a droplet of uncured PDMS, followed by a thermal cure. The above process steps produced PDMS samples with a Young"s modulus E = 2.4 to 3.0 MPa as measured by tensile tests. Single pillar size 1 structures were fabricated in the same manner as described before but after the demolding process the pillars around the middle pillar were cut so that only one pillar remained. 
Preparation of mushroom tips on size 1 pillars
In all adhesion experiments the contact elements were the tips of the size 1 pillars, in either the as-cast flat end geometry or in a so-called "mushroom" geometry. To achieve the mushroom geometry, the tips of size 1 pillars were modified using the following steps as previously established [20] .
(i)
A droplet of liquid PDMS was deposited onto each size 1 pillar by dipping the set of 7 pillars into a thin layer of uncured PDMS.
(a)
(ii) The droplets were deformed into a mushroom shape by pressing the pillars against a glass slide for a period of 12 hours at 75°C. The glass slides were pre-treated by placing a 50/50 mixture of perfluorodecyltriethoxysilane and hexane adjacent to the glass slides in a desiccator, until complete evaporation occurred under vacuum. The glass plates were maintained at 95°C for 30 minutes to stabilize the silanized surface. This allowed for easy removal of the cured PDMS from the glass.
(iii) After cure, the pillars were peeled from the glass slides. schematic of a mushroom shaped tip with the geometry parameters height H, width W, the angle  of the mushroom cap and tip radius  (not drawn to scale).
Adhesion and buckling measurements
Adhesion measurements were performed on a test apparatus, called Macroscopic Adhesion measurement
Device (MAD) [56] . The samples were fixed on a glass slide and placed on a positioning stage. A flat substrate of borosilicate glass and two aluminum substrates with wavy surfaces were used as substrate In addition to adhesion, the compressive buckling preload was measured. It was found that adhesion was limited by the onset of buckling under the pre-load. Adhesion and buckling measurements were performed on all level combinations (HL1, HL2 and HL3), with and without mushroom shaped tips. The measurements were performed by moving the sample towards the substrate, applying a predefined preload P, and retracting again until pull-off occurred. The measurements with the flat sample were carried out using glass and aluminum substrates and were repeated three times for each substrate. To determine the pull-off force, F, 15 measurements were performed for each measurement set. Adhesion measurements on the flat rough substrate were performed on the flat part of the truncated sinusoidal aluminum substrate with single pillars to ensure that the probes had the same microroughness. The results from single pillar measurements were multiplied by 7 for comparison with the other measurements. Adhesion measurements on the two wavy rough substrates were performed at different positions with respect to the wavelength of roughness. This was achieved by changing the position along the wavelength in 0.2 mm steps. Scanning one wavelength of the wavy substrate resulted in 21 measurements for the sinusoidal substrate, and 11 measurements for the truncated sinusoidal substrate for each scan. Prior to all measurements, repeated contacts ensured that the substrate had a stable configuration [57] and was well aligned [58] . The correct alignment was checked with an optical camera setup. In all tests of type HL1, HL2 and HL3, the substrate surface was in contact with a single set of 7 pillars of size 1, and the measured force is the total force on all 7 pillars (with the exception of additional single pillar measurements as detailed below). For tests on HL2, the loaded set of 7 pillars of size 1 was placed on a central pillar of size 2. For tests on HL3, the loaded set of 7 pillars of size 1 was placed on the central pillar of a hexagonal arrangement of 7 pillars of size 2 and in turn the 7 pillars of size 2 were bonded to a central pillar of size 3. The error bars in all graphs represent the standard deviation about the arithmetic mean value.
Results

Adhesion experiments using a flat substrate
Representative force-displacement curves for the total force on 7 pillars of a HL1 sample with mushroom shaped tips are given in figure 4a. The peak positive force is defined as compressive preload P, whereas the peak negative force is defined as the pull-off force F, as shown in figure 4(a). When the preload is sufficiently high, buckling occurs at P = P B , as shown in the rightmost plot of figure 4(a). The dependence of F upon P is given in figure 4 (b); three regimes can be identified. Representative plots of force versus displacement for each regime are shown in figure 4(a), and each regime is now described in turn.
Regime I (P << P B ): For 0 mN < P < 30 mN F increases steeply with increasing P due to contact formation. A low preload P ≈ 30 mN is required to form contact between all pillar tips and the substrate.
A force-displacement curve in this regime shows a small compressive (preload P) and a low tensile value (pull-off force F).
Regime II (P < P B ): F increases slightly with increasing P for 30 mN < P < 330 mN. This is ascribed to the fact that microscopic asperities on the contacting tip are flattened by increasing P. A forcedisplacement curve in this regime shows higher compression and higher tension compared to Regime I.
Regime III (P = P B ): The pillars buckle elastically at a critical preload P B ≈ 340 mN. Then the preload P saturates at P = P B and the pull-off force F decreases with increasing displacement in the post-buckling regime. The peak pull-off force F max occurs at the onset of elastic buckling at P = P B , as shown in figure   4b .
(a) (b) Figure 4 : (a) Force-displacement curves of three different characteristic regimes for an HL1 sample with mushroom shaped tips on the flat glass substrate, measured on all 7 pillars. The sample approaches the substrate and forms contact (Regime I); with higher displacement the pull-off force F increases (Regime II) until a critical preload P is reached (Regime III). The pull-off force F decreases with increasing displacement. The peak load is determined as the buckling preload P B . (b) The pull-off force F as a function of preload P is given for an HL1 sample with mushroom shaped tips on the flat glass substrate, measured on all 7 pillars. The pull-off force F increases with increasing preload, until a critical preload P B is reached. Above the critical preload P B , further sample compression does not lead to an increase in preload P but to a collapse of the structures and subsequently to a drop in pull-off force F.
Representative snapshots of the buckling mode for HL1, HL2 and HL3 sample are shown in figures 5a, b, and c, respectively. In the case of HL2 and HL3, the pillars of size 2 and 3 buckled in the opposite direction to that of the pillars of size 1. The buckling preload P B for the three levels of hierarchy and for the two types of tip shapes against a flat substrate is shown in figure 6a. Note that the buckling preload P B of a single hierarchy level HL1 is about 4 times that for hierarchy levels HL2 and HL3. The buckling preload P B has comparable values for both flat and mushroom tip structures: the presence of the mushroom tip has a negligible effect upon the value of P, and upon the buckling mode. The buckling preload P B for the three levels of hierarchy against a flat rough aluminum substrate and flat smooth glass substrate is shown in figure 7(a) . The buckling preload of a single hierarchy level HL1 is again about 4 times higher than for hierarchy levels HL2 and HL3. It is seen that the presence of microroughness has negligible effect on the buckling mode.
single-level structure HL1 displays a higher pull-off force F max than the hierarchical structures HL2 and HL3. HL3 shows the lowest pull-off force F max . The microroughness of the flat rough aluminum substrate showed a decrease in pull-off force F max by up to 35 to 50% compared to the flat smooth glass substrate.
Adhesion experiments using a wavy rough substrate
The hierarchical pillars were pressed against the sinusoidal substrate of wavelength  = 4 mm until a buckling event (at least buckling of one HL1 pillar) occurred. Similar experiments were performed with a truncated substrate of wavelength 2 mm. The results are shown in figure 9 . Again, a significantly reduced buckling preload P B is observed for structures with more than one level of hierarchy. The buckling preload curves are also symmetric. The values of F max for the truncated sinusoidal substrate exceed the values in figure 8 for the sinusoidal substrate. For the maximum pull-off forces F max , shown in figure 8(b), several trends were observed. The HL1 samples adhered better than both the HL2 and HL3 samples, which showed comparable pull-off forces.
Again, the substrate symmetry is mirrored in the pull-off forces. The lowest forces were found at positions  (y = 0 mm and y = 2.0 mm). The maximum pull-off force F max is almost independent of position for the flat tip HL2 and HL3 structures. Again, mushroom shaped structures showed increased adhesion compared to the flat tip pillars with the same hierarchical structure, independent of the number of hierarchy levels or the testing position. Mushroom tips increased pull-off forces by a factor of 3 to 5. For a better interpretation of the measurements on a wavy substrate, additional measurements with size 1 single pillars will now be reported.
Size 1 single pillar measurements
In order to gain further insight into adhesion on a wavy substrate, additional single pillar buckling measurements were conducted. Figure 10 shows the measured buckling preload for:
(i) a single pillar (sp experiment ),
(ii) the theoretical buckling preload for a hexagonal pillar array by making use of single pillar measurement values (hp theory ); the definition is given in figure 10 . 
Discussion
Experiments on flat substrates
The experiments on flat substrates have shown that the buckling behaviour of the structures strongly depends on hierarchy. While non-hierarchical (HL1) structures have buckling loads of approx. 300 mN, the hierarchical samples show values of around 75 mN, a factor of 4 lower. This can be explained by the change in the buckling mode with structural hierarchy.
a) Estimation of the buckling load for a single size 1 pillar (H=1.2 mm, D=0.33 mm)
The Euler load P E for a size 1 pillar is with the assumption of Young"s modulus E = 3 MPa and second moment of area .
In contrast, a pillar with one end hinged and the other fixed implies a buckling load of 2.04 P E . Also, the pillar is stocky (aspect ratio = 4), hence Biot [59] finds an elevation in buckling load of 50%. Thus, the predicted buckling load is 3.06 P E or 37 mN. As the observed buckling load for a single pillar (no mushroom tip) is 43 mN, i.e. 17% above the prediction, the agreement is adequate for our purposes.
b) Estimation of the buckling load for a hierarchical pair of pillars
Now consider the elastic buckling response of a pillar which has a stepwise jump in bending modulus along its length. The predicted ratio of buckling strength for HL1 and HL2 is 2.05/0.423 = 4.8, which again conforms well to the observed ratio of 3.9 to 4.9 (deviation of 2 to 19%). The detailed estimation and derivation is summarized in the Appendices (see Section A1).
The results presented in figure 6b show that there is a notable difference in adhesion (maximum pull-off force) between flat tip structures and structures with mushroom shaped tips, as expected from earlier studies [20, [60] [61] . For adhesion against flat substrates, the effect of tip shape dominates over the effect of hierarchy. Interestingly, the mushroom shaped structures show buckling load values similar to flat tip structures. This is in contrast to the experiments performed by Paretkar et al. [62] [63] , who found that mushroom tips can delay buckling. This discrepancy may be ascribed to different mushroom tip geometry, which is more difficult to control in the fabrication process for the microscopic structures.
An important outcome of the present paper is that hierarchical structures tend to show lower adhesion compared to single level samples if tested against a flat substrate. A possible explanation is that the hierarchical samples require a higher preload to fully adapt to the substrate, e.g. adaptation to micro-and nanoroughness. However, a high preload cannot be achieved due to buckling, which would lead to a loss in tip contact and thus a loss in adhesion. It can be concluded that the introduction of a hierarchy is not necessarily beneficial: it will not increase adhesion against smooth, flat substrates, but may even reduce it due to the buckling at lower preload for hierarchical structures.
Experiments on a flat rough substrate
To investigate the influence of microroughness on adhesion, measurements on a flat rough aluminum substrate were made. The adhesion decreased by 35 to 50% in comparison to measurements on a flat smooth glass substrate for HL1, HL2 and HL3. This supports the assumption that microroughness decreases adhesion [64] . Fuller and Tabor [64] correlated the decrease of adhesion with an "adhesion parameter" 1/Δc 
Experiments on wavy rough substrates
In our study, we used two different wavy rough substrate surfaces to test the adhesive behaviour of fibrillar substrates. Some generic observations were made that shed light on buckling and adhesion mechanism. In the experiments on wavy rough substrates, mushroom shaped structures adhered better than flat tip structures as expected [20] . The tests on both wavy substrates also showed that the samples adhered best if they were positioned at the peak of the profile, while testing on the substrate surface of maximum inclination gave the lowest adhesion.
The positional dependence of buckling does not differ between the two wavy substrates. For the truncated sinusoidal and the sinusoidal substrate, buckling is favored at the intermediate positions between the wave peaks/flat part and the valleys, leading to a buckling preload with a frequency twice that of the substrate sinus. These findings confirm that the buckling behaviour depends on the surface topography.
The adhesion behaviour differs for the two wavy substrates; for the truncated sinusoidal substrate, the non-hierarchical structures gave the highest pull-off values. Clearly, an introduction of a hierarchy is not favorable here. However, on the sinusoidal wavy substrate, the adhesion -although low -is comparable for the single level and multi-level hierarchical structures. It can be assumed that this is due to the longer wavelength of the substrate protrusions, where the pillars can better adapt to the wavy substrate.
Size 1 single pillar measurements
The theoretical buckling load value for a size 1 hexagonal pillar array shows that the best agreement was achieved by multiplying the sp measurements with the number of pillars and not to add the values according to a theoretical hexagonal pillar array value. But when the off-set of the individual force/displacement curves (presented in figure 10 ) is accounted for, the agreement is even better. The repeated increase of the force F with larger displacement after the first buckling process can be explained by contact formation of the lateral side of the pillar. Deviations of hp experiment and hp theory values, which are based on sp measurements, occur because the interactions between the pillars are neglected and cannot be calculated using sp measurements. But the measurements showed that sp measurements can help to achieve a rough prediction for buckling preloads P B for a hexagonal array on a wavy substrate but cannot replace the measurements with a real hexagonal array.
Overall, the insight created by our mechanistic study suggests that the design of hierarchical fibrillar adhesive surfaces needs to consider both their compressive and adhesive behaviour. It is also likely that different design strategies will have to be applied to different degrees of roughness. The present paper is a first step in the direction of a rational design of such structures.
Conclusions
We have carried out a mechanistic study of hierarchical model adhesives in contact with substrate surfaces with model roughness. It can be concluded that the following considerations are essential in the design of hierarchical adhesive structures:
 Irrespective of the number of hierarchies and other parameters, a mushroom tip shape leads to higher adhesion, both for rough and smooth substrates.
 For optimizing adhesion, the sensitivity to buckling of the structure should be minimized. This allows higher compressive preloads resulting in higher adhesive strength. As hierarchical structures may have a higher propensity for buckling, highly hierarchical structures may not always be beneficial.
 In our study, no benefits were found for the introduction of a third hierarchy level. If adhesion has to be generated against a smooth substrate, a hierarchical system will not result in better results, but may decrease the structure stability and the permissible structure packing density. Also for small roughness amplitudes, a single hierarchical level may still be sufficient.
 The lateral dimensions of the structures have to be much smaller than the wavelength of the substrate. In our studies, we found similar adhesion for hierarchical and non-hierarchical structures with a substrate wavelength 10 times as large as the smallest pillar diameter.
 The effect of microroughness was reasonably well explained by the model of Fuller and Tabor.
 If a high compliance of the structure is necessary, e.g. to accommodate high roughness of the substrate surface, the introduction of hierarchy can lead to a compliance increase by decreasing the buckling load. By buckling "into" asperities, such a structure has the potential of increasing the contact area and hence adhesion.
Although our study on hierarchical surface patterns gave a detailed insight into deformation behaviour and adhesion of more complex geometry, it has to be considered that vertical structures may not be the optimum design for application of bioinspired adhesives due to buckling effects.
Future work should therefore consider angled hierarchical structures and their adhesive performance on rough surfaces.
Dependence of pull-off force F on applied preload P of HL1, HL2 and HL3 with and without mushroom on a flat substrate and photographs of adhesion measurements of a HL2 sample at different positions of a wavy substrate. In addition further force/displacement curves of single size 1 pillars and of seven pillars in a hexagonal array and detailed theoretical estimation of the buckling load for a hierarchical pair of pillars.
This material is available free of charge via the Internet at http://pubs.acs.org. 
 
. Now impose continuity of ( ) and ( ) at the junction between pillars 1 and 2. Then, (A.2) and (A.3), along with (A.5), imply (A.8) Figure A6 : Contours of P/P E P/P E =0.423. For a single pillar (size 1), P/P E = 2.05, and so the ratio of buckling strength for HL1 and HL2 is 2.05/0.423 = 4.8.
